Accumulating data indicates that following anti-cancer treatments, cancer cell death can be perceived as immunogenic or tolerogenic by the immune system. The former is made possible due to the ability of certain anti-cancer modalities to induce immunogenic cell death (ICD) that is associated with the emission of damage-associated molecular patterns (DAMPs), which assist in unlocking a sequence of events leading to the development of anti-tumour immunity. In response to ICD inducers, activation of endoplasmic reticulum (ER) stress has been identified to be indispensable to confer the immunogenic character of cancer cell death, due to its ability to coordinate the danger signalling pathways responsible for the trafficking of vital DAMPs and subsequent anti-cancer immune responses. However, in recent times, certain processes apart from ER stress have emerged (e.g., autophagy and possibly viral response-like signature), which have the ability to influence danger signalling. In this review, we discuss the molecular nature, emerging plasticity in the danger signalling mechanisms and immunological impact of known DAMPs in the context of immunogenic cancer cell death. We also discuss key effector mechanisms modulating the interface between dying cancer cells and the immune cells, which we believe are crucial for the therapeutic relevance of ICD in the context of human cancers, and also discuss the influence of experimental conditions and animal models on these. The ultimate outcome of an immune response to cancer cell death (i.e., anti-tumourigenic, pro-tumourigenic or autoimmunity or different combinations of these) tends to be complex and may depend on a number of factors like the type of the cancer cells that die and their in vivo location, the type of cell death pathway they follow to die, the types of immune cells that phagocytose them or interact with them and, last but not the least, whether a cancer antigen is recognized or not. Tolerogenicity towards cell death, as happens predominantly when cancer cells undergo physiological apoptosis (after treatment with most anti-cancer therapies), depends on a number of factors including the presence of immunosuppressive factors, absence or inactivation of DAMPs, induction of tolerogenic dendritic cells (DCs), 'suboptimal' activation of CD8 þ T cells only and apoptotic 'mimicry'.
Facts
Cell death in the presence of pathogen-associated molecular patterns (PAMPs) can elicit potent immune responses. However, in the absence of PAMPs, damage-associated molecular patterns (DAMPs) emitted by dying cancer cells can elicit cancer antigen-directed anti-tumour immunity. The ultimate outcome of an immune response to cancer cell death (i.e., anti-tumourigenic, pro-tumourigenic or autoimmunity or different combinations of these) tends to be complex and may depend on a number of factors like the type of the cancer cells that die and their in vivo location, the type of cell death pathway they follow to die, the types of immune cells that phagocytose them or interact with them and, last but not the least, whether a cancer antigen is recognized or not. Tolerogenicity towards cell death, as happens predominantly when cancer cells undergo physiological apoptosis (after treatment with most anti-cancer therapies), depends on a number of factors including the presence of immunosuppressive factors, absence or inactivation of DAMPs, induction of tolerogenic dendritic cells (DCs), 'suboptimal' activation of CD8 þ T cells only and apoptotic 'mimicry'.
Accentuated immunogenicity exhibited by cancer cells undergoing immunogenic cell death (ICD; after treatment with selected anti-cancer therapies), depends on a number of factors like emission of DAMPs (i.e., surface exposure of certain chaperones, secretion or release of certain nucleotides and endokines), presence of immunostimulatory factors, induction of DC maturation (both phenotypic and functional) and optimal activation of CD4 þ ab, CD8 þ ab and gd T-cell responses. Certain DAMPs are actively trafficked during ICD by danger signalling pathways, which are instigated and regulated by a complex interplay between endoplasmic reticulum (ER) stress, reactive oxygen species (ROS) production and certain metabolic/biosynthetic processes (e.g., autophagy, caspase activity and secretory pathway).
Open Questions
As ICD is apoptotic in nature, does a 'gray area' exist due to the 'overlap' between DAMP-based immunogenicity of ICD and the apoptosis-associated tolerogenicity that could negatively influence anti-tumour immunity?
As currently known ICD-associated DAMPs only partially account for its exhibition of anti-tumour immunity; do as-yet-unknown DAMPs or certain known but non-ICD associated DAMPs (e.g., uric acid, intact nucleic acids, interleukin (IL)-33) exist that might be mediating its immunogenicity? Apart from the complex interplay between ER stress and ROS production; are there other regulators or initiators of danger signalling during ICD? For instance, could viral response-like gene expression profile mediate ICD-associated danger signalling? Does an 'ideal ICD inducer' exist that could efficiently impede pro-tumourigenic processes and therapy-resistant cancer microevolution while aiding anti-tumourigenic processes? Can combinatorial therapies involving ICD inducers with treatments like anti-cancer vaccines, anti-CTLA-4 or anti-PD1 antibodies and Toll-like receptor (TLR) agonists help us achieve such ideal properties?
Can ICD help us to characterize biomarkers that are good at predicting cancer patient's therapy responses? As most parameters used for ICD characterization are detected in vitro or ex vivo; can we characterize surrogate in vivo markers of ICD that can be detected robustly in preclinical as well as clinical set-ups?
Millions of cells die in our body on a daily basis to maintain normal 'wear and tear' and homeostasis, through 'physiological apoptosis' 1,2 (see Box 1) . During physiological apoptosis, various intracellular constituents of cells, including the majority of those that can act as danger signals, are proteolytically cleaved or inactivated by enzymes, such as caspases. 3 This process is accompanied by exposure of specific 'eat me' and 'find me' signals 4 (Box 1) to mediate an immunologically silent clearance of the dying cell's material and antigens by scavenging immune cells (e.g., macrophages or DCs); 3, 5 (Box 1). Considering the amount of cells that die in our body Box 1 Cancer cells and physiological apoptosis: a bird's eye-view 'Physiological' apoptosis induces tolerance towards cancer antigens: Cells undergoing physiological apoptosis get cleared by phagocytes without evoking inflammation. 4 This is made possible by various events, including the loss of 'don't eat me' signals (like CD31 and CD47 3, 4 ), exposure of specific 'eat me' signals (like phosphatidylserine (PTS) 3, 4 ) and secretion of 'find me' signals or chemokines (like lysophosphatidylserine, nucleotides like ATP and UTP, fractalkine [3] [4] [5] ). Here, PTS, which associates with the outer plasma membrane leaflet of a cell undergoing apoptosis, 37 helps in phagocytosis (through the agency of phagocyte pattern recognition receptors, PTS receptors and/or PTS-bridging molecules) 4 accompanied by immunosuppression. 4, 5 Moreover, the tolerogenicity associated with apoptosis is further accentuated by certain immunosuppressive cytokines (either secreted by the dying cells or by the interacting/engulfing immune cells), for example, TGF-b, 3, 4 IL-10, 3,4 platelet-activating factor 4 and prostaglandin E2 (PGE 2 ). 4 In immunological terms, engulfment of cells undergoing apoptosis can actively prevent DC maturation. 3 On the other hand, DCs that engulf these cells may present their antigens to CD8 þ T cells but not to CD4 þ T cells, which causes a 'sub-optimal' activation of CD8 þ T cells (due to absence of signals derived from matured DCs/activated CD4 þ T cells). 3 As a consequence, when re-exposed to these antigens, these CD8 þ T cells orchestrate a primary cytotoxic response accompanied by the expression of the death ligand, TRAIL (tumour necrosis factor-related apoptosis inducing ligand), which kills CD4 þ T cells and thereby further mediates tolerance. 3 This is substantiated by the experiments where TRAIL-deficient mice exhibit resistance to apoptosis-associated tolerance. 3 Moreover, the aforementioned immunosuppressive cytokines cause the CD4 þ T cells to differentiate into inducible regulatory T cells (Tregs), which further exerts anti-inflammatory effects. 3 Thus, by the virtue of such signals, chemokines/ cytokines, a cancer cell undergoing physiological apoptosis is able to cause tolerogenicity towards its antigens.
Apoptotic 'mimicry' can induce tolerance towards cancer antigens: Apoptotic 'mimicry' can be defined as a process where the exposure of PTS happens without any apoptosis involved, per se. 4 PTS exposure on tumour cells (e.g., due to hypoxia) or on the luminal surface of tumour vasculature 4 may contribute to tumour antigen tolerization. 4 Cancer cells may also exhibit apoptotic 'mimicry' through secretion of mobile membrane-enclosed vesicles like microvesicles (MVs) or exosomes. MVs and exosomes can be rich in PTS on their outer membrane leaflet (thereby allowing PTS-mediated phagocytosis) 127 and can carry cancer antigens 127 or even MHC-peptide complexes 128 such that the combination of these two can cause TGF-b-dependent immunosuppression 127 and subsequent tolerization towards the cancer antigens.
127
Cancer cells undergoing apoptosis help in tumour re-population? A provocative study published recently showed that radiotherapy-induced apoptosis in tumours is accompanied by caspase 3-dependent release of PGE 2 , which in turn stimulates the growth of residual surviving tumour cells; 129 such that these cells can than repopulate the tumours. 129 Moreover, these authors present clinical data showing that high baseline levels of activated caspase-3 correlate with negative cancer prognoses. 129 Although these results are interesting yet they need to be treated with some caution. 129 For instance, the authors frequently used very large radiation doses (6-12 Gy) compared with those used in most clinical radiotherapy paradigms (i.e., 1.8-3 Gy). 129 Also, various studies have found that higher sensitivity to radiotherapy is usually associated with lower apoptotic thresholds. 129 Moreover, the use of caspase 3 activation as an independent biomarker is debatable as caspase 3 activation is capable of being a secondary event, occurring in aggressive tumours in response to hypoxia and/or nutrient deprivation. 129 To this end, the 'attractive' concept of apoptosis-based tumour re-population needs to be thoroughly investigated in other models and under different anti-cancer therapies to establish its incontrovertible validity. regularly, it is essential that they do not activate the immune system and therefore this process has 'evolved' to stay 'silent' 3,4 (Box 1). However, problems arise when cancer cells (along with their antigens) follow the same physiological pathway to die or tend to exhibit apoptotic 'mimicry'-all of which can induce tolerization towards cancer antigens (Box 1). Most chemotherapeutic agents used for anti-cancer treatment kill cancer cells through the process of nonimmunogenic or tolerogenic apoptosis 6, 7 (Box 1). Thus, just like normal cells, these dying cancer cells also get cleared 'silently'-a scenario that compromises the efficacy of anticancer treatment 3, 6, [8] [9] [10] (Box 1). Interestingly, it was recently discovered that certain chemotherapeutics, radiotherapy and photodynamic therapy (PDT) 11, 12 (Table 1) can induce a form of apoptosis in cancer cells that is characterized by the presence of immunogenicity-accentuating DAMPs/danger signals, which assist in instigating anti-tumour immunity, known as, 'immunogenic cell death' (ICD). 6, 7, 11 Danger signals or DAMPs have a very important role in enhancing cancer cell immunogenicity over physiological apoptosis. 13 Their spatiotemporally defined emission provides the immune system with sequential or simultaneous 'pulses' of 'impending danger', 1 thereby keeping the immune system in a pro-inflammatory state. 2, 7, 11 DAMPs are molecules that are normally sequestered within live cells (where they perform predominantly non-immunological functions), which acquire immunomodulatory activities 14 once secreted or surface exposed by dying or stressed/damaged cells. 13 In cancer cells, specific inducers (Table 1) cause ICD by activating efficient danger signalling pathways that help in the trafficking of DAMPs either toward the surface or the extracellular region, 6, 7, 15 where they gain their danger signalling properties (Figure 1 ). These danger signals in the company of cancer cell constituents and antigens cause maturation of DCs, which ultimately 'cross-prime' and activate anti-tumourigenic CD4 þ /CD8 þ T-cell immunity 6, 7, 9, 16 ( Figure 1 ). In the present review, we will discuss the nature, origins and regulation of the danger signalling pathways during ICD. We also explore the significant plasticity that exists in danger signalling and sensing on account of different ICD inducers and experimental systems or models.
ER Stress and ROS: at the Origins of Danger Signalling?
The ability of the selected anti-cancer agents to induce ICD, along with a protective anti-cancer immune response in vivo, was initially shown to rely on their capability to evoke ER stress and ROS production in the succumbing cancer cell. 6, 17 The reliance on the joint induction of ROS and ER stress for the efficient emission of DAMPs is perhaps not surprising Abbreviations: ATP, adenosine triphosphate; CRT, calreticulin; DAMP, damage-associated molecular patterns; GRP, glucose-regulated protein; HMGB1, high mobility group box-1; HSP, heat shock protein; ICD, immunogenic cell death; PDT, photodynamic therapy; UVC, ultraviolet C a Oncolytic viruses can cause necrosis in cancer cells 119 as well as apoptosis. 120 Specifically, in the aforementioned study, the authors confirmed that CVB3-induced ICD was of apoptotic nature through analysis of phosphatidylserine externalization (in the absence/presence of permeabilization) and DNA fragmentation. 26 b It has to be considered that cyclophosphamide's effects on anti-tumour immunity are strongly dose-dependent. 121 Although high doses of cyclophosphamide are capable of causing immunosuppression 121 yet low doses (like 100-125 mg/kg in mice) or metronomic doses (50 mg, orally, for humans) are capable of facilitating anti-tumour immunity by targeting pro-tumourigenic immune cells like Tregs and myeloid-derived suppressive cells. 121 In the aforementioned study where cyclophosphamide induced ICD, the authors used a low dose (100 mg/kg in mice) to show its anti-tumourigenic effects 118 Danger signalling, DAMPs and cancer AD Garg et al considering that ER homeostasis governs protein folding and secretory machinery 8, 10, 11 while oxidative modification of biomolecules (in particular proteins and lipids) represents an important mechanism in accentuating immunogenicity [18] [19] [20] and enabling danger signalling. 21 Notably, silencing of molecular effectors of the ER stress pathway triggered by ICD inducers blunts DAMPs (i.e., calreticulin (CRT) and adenosine triphosphate (ATP)) emission by the dying cancer cells and reduces their immunogenicity in vivo. 7, 11, 15, 22 These data reinforce the concept that a robust ER stress response preferably accompanied by or induced by ROS production is a salient biochemical prerequisite for danger signalling and ICD. How exactly these two signalling components should operate to efficiently induce ICD is still elusive. ER stress could be secondary to mitochondria dysfunction and ROS production ((i.e., cardiac glycosides, UVC, wogonin 1, 12, 23, 24 ) or to the local ROS generation at the ER ((i.e., hypericin-based photodynamic therapy (Hyp-PDT) 7, 11, 25 ) and be propagated by lipid peroxidation signalling ((i.e., doxorubicin, mitoxantrone, ionizing irradiation, Hyp-PDT 7, 11, 12 ) or be secondary to the activation of the unfolded protein response ((i.e., shikonin, bortezomib and CVB3 virus 12 ).
Viral Response and ICD: A New Connection?
Emerging evidence suggest that there might be more to the danger signalling associated with ICD than just ER stress and ROS. As visible from Table 1 , apart from various anti-cancer modalities, certain oncolytic viruses are also capable of inducing ICD. 26 Interestingly, viral infection and replication activates not only ER stress (due to accumulation of un-/misfolded viral proteins, overloading the ER) but also interferon (IFN) and cytokine responses (due to production of viral double-stranded RNA and PKR (protein kinase RNA-activated) activation), 27 eliciting an 'antiviral response'-associated gene expression programme in the target cells that may communicate a state of 'danger' to the host immune system. 28 Could the induction of a viral response-like gene expression (VRGE) programme be a general requisite of ICD? Some preliminary evidence 29 or retrospective analysis 30 indeed suggest that certain known ICD inducers, like doxorubicin and Hyp-PDT (Table 1) , might instigate in the cancer cells a gene signature that resembles the VRGE programme 29, 30 ( Figure 2 ). The protein products of various VRGE-related genes upregulated by doxorubicin (Figure 2a) or Hyp-PDT (Figure 2b ) form an intricate evidence-based network; which is possibly a part of the host cell's viral response-like reaction during ICD.
In evolutionary sense, this still-to-be established possibility, is an attractive notion as response to a viral infection is one of the most ancient host cell reactions capable of communicating danger. 27, 28 In line with this, recent experimental evidence suggests that a viral-response like stimulation of immune cells might be critical for enhanced antigen ). Altogether, these processes cause IL-1b-dependent activation of IL-17-producing gdT cells and increased proliferation of IFN-g producing CD4 þ or CD8 þ abT cells. Such potent T-cell immunity ultimately mediates a number of anti-tumourigenic processes that strive to impede the progression of therapy-resistant residual cancer cells or of an established tumour (in a curative set-up) or challenge by new tumour cells (in a prophylactic set-up). CD, cluster of differentiation; MHC, major histocompatibility complex; NO, nitric oxide; RAGE, receptor for advanced glycation end-products; S.R., scavenger receptors; TLR, Toll-like receptor persistence and induction of anti-tumour immunity resulting in tumour rejection. [31] [32] [33] [34] In the later sections, we discuss the nature, danger signalling-mediated trafficking and immunogenic relevance of DAMPs identified in the context of ICD.
Surface exposure of chaperones. Surface exposure (ecto-) of intracellular chaperones such as CRT, heat-shock protein 90 (HSP90) and HSP70 is crucial for the immunogenicity of dying cancer cells 5, 6, 17, 35 ( Figure 1 ). Ecto-CRT docks on lipid rafts and LRP1 in an inducer-dependent fashion, 7 whereas HSP90 binds to LRP1. 36 To date nothing is known about HSP70's docking patterns, although its relatively homogenous surface distribution as patches and small clumps, 22 which differs from the unevenly distributed patches observed for ecto-CRT, 7, 22, 37 suggests a different docking entity. In a functional sense, these chaperones have been reported to bind to various receptors on immune cells, like CD91 and certain scavenger receptors. 2, 7 Pre-apoptotic ecto-CRT seems to be an important mediator of ICD's immunogenicity, by acting as a potent pre-apoptotic 'eat me' signal that assists in phagocytic uptake of dying cancer cells. 6, 7, 37 Moreover, ecto-CRT can incite the production of both IL-6 and tumour necrosis factor (TNF) from DCs and facilitate T helper type 17 (Th17) polarization. 38 Similarly, ecto-HSP90 has been demonstrated to be a crucial mediator of immunogenicity, especially in the case of bortezomib-induced ICD. 35 During anti-cancer DC vaccination based on ICD, ecto-HSP90 correlates better (or at least as strongly as ecto-CRT) with the ability of patients to respond to vaccination. 39 The role of ecto-HSP70 in ICD has not been strongly elucidated; however, at least in the case of PDT 11, 22 ecto-HSP70 might favour nitric oxide (NO) production from innate immune cells. 7, 22, 40 In terms of capacity to mediate phagocytosis of dying cells by acting as an 'eat me' signal; an in silico analysis revealed that CRT harbours close homologues of crucial phagocytosis-assisting motifs, whereas HSP70/90 did not. 22 In agreement, the presence of ecto-CRT correlates better with increased phagocytosis of dying cancer cells than either ecto-HSP70/90.
41
Secretion of nucleotides or release of nucleic acids. Active secretion of the nucleotide ATP 42 and release of nucleic acids 43 from dying cells are essential for successful instigation of ICD 44, 45 and anti-tumour immunity, 46 respectively. Secreted ATP, a potent short-range 'find me' signal, 42 can bind ionotropic (P 2 X) as well as metabotropic (P 2 Y) purinergic receptors 42, 44 ( Figure 1 ) and stimulate phenotypic DC maturation. 44 During ICD, secreted ATP mainly binds the P 2 X 7 receptors (Figure 1 ), causing activation of the NLRP3 inflammasome, 44 which in turn leads to caspase-1-mediated processing and secretion of active IL-1b, a crucial cytokine for the propagation of anti-tumour immune responses. 44 Apart from ATP, secretion of uric acid (UA) 47 can activate the NALP3 inflammasome. 48 Although UA is a danger signal associated with injury-induced necrosis, 47 yet whether it is actively secreted by cells undergoing apoptosis is still elusive. However, considering that tumours exhibiting high levels of apoptosis have been associated with increased UA production, which was found to mediate tumour immune rejection; 49 the link between UA release/secretion and apoptosis or ICD warrants an urgent analysis. Interestingly, it has been recently discovered that release of nucleic acids, like DNA, as DAMPs from cells dying under chemotherapeutic stress can efficiently stimulate an antigenspecific anti-tumour immune response, accompanied by the production of IL-1b and IL-12. 46 Whether such responses or other end-stage degradation products, like mitochondrial DNA and N-formyl peptides, 50 are crucial for ICD remains an enigmatic question that needs to be answered in the near future.
Secretion or release of endokines. Endokines (or endogenous cytokines) are pro-inflammatory cytokines that are playing DNA-associated functions intracellularly (in a general cellular context), but perform cytokine-like DAMP activities, when released due to cellular stress or death. A critical endokine for ICD and immunogenicity includes passively released high-mobility group box 1 (HMGB1) protein. 1, 5, 16 During ICD, extracellular HMGB1 has been found to bind TLR-4 on DCs (Figure 1 ) and activate the production of proinflammatory cytokines on one hand and help in proper antigen presentation on the other. 2, 16 However, there are several contradictory observations regarding the HMGB1's role in tumourigenesis, owing both to its redox-dependent switch in functionality and its pleiotropic rather than specific effects, making it hard to draw reliable conclusions 5,7,51,52 as discussed in the later section and in recent reviews. 7, 13 Finally, it would also be imperative to analyze whether other endokines like high-mobility group nucleosome-binding domain, 53 IL-1a 54 and IL-33 55 could also mediate immunogenicity of dying cancer cells.
The Plasticity and Regulation of Danger Signalling and Sensing
Plasticity in danger signalling due to different ICD inducers. Of the known ICD-associated DAMPs, danger signalling pathways have been mainly revealed for ecto-CRT and secreted ATP.
11 Recent studies 7, 11, 15, 22, 56 have shown that there exists significant plasticity in the trafficking pathways of these two DAMPs (Figure 3) .
Chemotherapy (mitoxantrone or oxaliplatin)-induced pre-apoptotic ecto-CRT trafficking pathway has been found to be mediated by co-interaction with ERp57, protein kinase RNA-like endoplasmic reticulum kinase (PERK)-induced eukaryotic initiation factor 2 a (eIF2a) phosphorylation (eIF2a-P), ER-to-Golgi transport, the classical secretory pathway (Figure 3) , and caspase-8-induced BAP31-mediated activation of BAX/BAK proteins. 15, 56 A recent systematic analysis of the essential molecular components of the CRT trafficking pathway during ICD induced by chemotherapy or Hyp-PDT (Table 1) revealed that PERK-mediated proximal secretory pathway, ER-to-Golgi transport, BAX/BAK, classical secretory pathway and PI3K-mediated plasma membrane trafficking are shared by the two ICD inducers 11, 25, 57 (Figure 3) , whereas caspase-8 activity, ERp57 and eIF2a-P are not. 7, 11, 22 Recently, wogonininduced early apoptotic ecto-CRT (Table 1) was also found to be mediated by PERK and PI3K. 58 Hence, in spite of this plasticity, the reliance of several ICD inducers on the ER stress sensor PERK as central 'DAMP-trafficking master' is noteworthy. Whether this is related to the archetypical induction of a viral response in the target cell (as described above), requiring the interface between PKR-mediated IFN response and PERK as ER stress sensor, 59 ,60 needs to be further explored. Both PKR and PERK are eIF2a phosphorylating kinases and eIF2a phosphorylation is required for some, 11, 15 albeit not all ICD inducers, 7, 11 suggesting that a certain degree of divergence in the trafficking mechanisms occurs downstream of PERK (Table 1) . Intriguingly, the ability to mount an antiviral response do not always implicate eIF2a phosphorylation, 61 suggesting that other still unknown PERK-dependent mechanisms may be recruited in a ICD-dependent manner. On the other hand, UV-induced early apoptotic ecto-CRT is mediated by phosphatidylserine-based scrambling/flipping and externalization 37 ( Figure 3) . Finally, certain inducers of apoptosis have been shown to incite ecto-CRT, as a result of general exposure of ER chaperones or ER and Golgi membranes on the cell surface 62 ( Figure 3 ). Mechanisms behind secretion of ATP by the dying cells are also dependent on the type of ICD or cell death inducers. Chemotherapy (mitoxantrone or oxaliplatin)-induced early apoptotic (at the blebbing stage) ATP secretion was recently demonstrated to be autophagy dependent 45 ( Figure 3 ). In addition, UV and anti-CD95 (also known as FAS) antibodiesinduced early apoptotic ATP secretion were mediated by the pannexin-1 hemichannels 63 ( Figure 3) . Notably, in the cases of both pannexin-1-dependent and autophagy-dependent pathways, caspases were required for ATP secretion. 42, 45 Although the exact molecular mechanisms linking autophagy to ATP secretion are still unknown, it is remarkable that chemotherapy-mediated extracellular mobilization of ATP is concomitant to and requires caspase activation. This raises the intriguing possibility that functional modification of autophagy effectors by caspase-mediated processing, rather than the autophagy machinery per se, could be involved. However, Hyp-PDT-induced pre-apoptotic ATP secretion is autophagy independent 64 and is mediated by the classical (Figure 3 ) and PERK-regulated proximal secretory pathway, as well as PI3K-dependent exocytosis. 7 Instead, cancer cell-associated autophagy tends to suppress pre-apoptotic ecto-CRT induced by Hyp-PDT, by heightening the clearance of oxidatively damaged proteins within the ER. 64 Thus, the biochemistry of an ICD inducer's effect could be an important instigator of plasticity in danger signalling pathways that assist in trafficking of DAMPs.
Plasticity in sensing due to differences in mice and human immune systems. Murine models have been the mainstay of in vivo research. However, the two species diverged somewhere between 65 and 75 million years ago and differ strongly on a number of crucial levels. 65 In fact, recently it was reported that the mouse models of acute and severe inflammation have very little in common with human pathogenesis. 66 The authors of this study found that, during inflammation, the human genes that exhibited altered expression were almost never similar to the murine versions of the genes that showed differences in expression. 66 In fact, (a) This is an evidence-based network of the proteins whose genes showed an upregulated expression in the CD45-negative cells (predominantly tumour cells) retrieved from a doxorubicin-treated murine tumour, 2 days post treatment. 29 (b) This is an evidence-based network of the proteins whose genes showed an upregulated expression in the T24 human bladder cancer cells retrieved 8 h after hypericin-based photodynamic therapy (Hyp-PDT). 30 The types of evidence behind the network and the corresponding color code scheme are mentioned in the inset. The genes were considered to have role in a viral response based on data available in the GeneCards database version 3.09 (http:// www.genecards.org/), wherever applicable. The networks were constructed through the tools available in the STRING database version 9.05 (http://string-db.org/) these differences as we discuss further, could also influence the existing paradigms of DAMP sensing and ICD. In Table 2 , we have summarized the main molecule-specific differences between human and mice immune systems, along with the most crucial ICD-sensing immunological components. 2 Although these differences might appear subtle (Table 2) , larger differences do exist (as discussed subsequently) that could ultimately impact ICD.
In the case of chemotherapy-induced ICD, apart from the activity of IFN-g-producing abT cells, the activity of IL-17 producing gdT cells has also been found to be crucial 67 ( Figure 1) . Interestingly, it has been reported that the mice and human systems differ markedly when it comes to gdT-cell biology (Figure 3) . Although gdT cells represent the predominant T-cell population found in the mouse cutaneous region, the same is not true for humans where the abT cells predominate in both the cutaneous and subcutaneous regions. 65 Considering that the above study linking ICD with gdT-cell activity was exclusively carried out in subcutaneously transplanted tumours in mice, 67 one might understand that this could have created a bias for specific enrichment of gdT cells in this model. Thus with this background, the decisive role of gdT cells in chemotherapy-induced anticancer immune responses might have been overestimated; and thus may differ in a model, where the tumours do not have a privilege of predominantly receiving gdT cells. Therefore, such differences between the two species could have a significant impact on anti-cancer immunity mediated by gdT cells.
Moreover, differences exist in the biology of abT-cell polarization between humans and mice ( Figure 3 ). It has been recognized that the polarization of abT cells towards type 1 (Th1) cytokine profile is anti-tumourigenic while a polarization towards type 2 (Th2) profile is pro-tumourigenic. 3, 8 In fact, we had recently proposed a preferentially Th1-inducing effect (while, if possible, impeding Th2 induction) as one of the properties that an ideal ICD inducer should possess. 7 However, although such distinct T-cell polarizations might be relatively easy to observe in mice, such distinctions are not as straightforward in humans. 65 It has been reported that, while Th1 and Th2 cells are found in human diseases, 68 a distinction is seldom visible between them, such that there is a strong probability for the generation of both T-cell polarizations simultaneously. 65, 69 For instance, while in mice, IL-10 is a Th2 cytokine, in humans it can be produced by both Th1 and Th2 cells. 65, 70 The impact that such species-to-species differences can have should not be underestimated; as made apparent by the situation concerning the anti-CTLA-4 antibody-based cancer immunotherapy. 71 Research has demonstrated that treatment with this antibody shows better tumour-impeding results in mice than in humans, because the co-stimulatory receptor CD28 (whose T-cell-activating property is inhibited due to Figure 3 A schematic representation of plasticity and regulation of danger signalling and sensing. Various factors like the type of ICD inducers, differences in human and mice immune systems and differences between in vitro and in vivo experimental set-up can all lead to observations of plasticity or regulatory differences in danger signalling and its sensing. For more, please refer to the text. CNX, calnexin; Ecto, surface exposed; KDEL-R, KDEL receptor CD28-CTLA-4 interaction) is expressed in close to 100% of mice CD4 þ /CD8 þ abT cells, 65 yet it is expressed in only 80% CD4 þ and 50% CD8 þ of human abT cells. 65 To this end, it is crucial to account for the differences that exist between mice and human immune systems, wherever applicable, while investigating the impact and sensing of ICD in cancer. Regulation of anti-tumour immunity and differences in in vitro and in vivo conditions. Investigations that could be carried out in vitro have had a tremendous role in the progress of biology. However, they do not represent or reproduce the dynamic changes in various parameters that exist in vivo. 72 Such differences may negatively influence the in vivo reproducibility of in vitro/ex vivo anti-tumour immunity experiments.
Tumour-associated immunosuppression is an important parameter that needs to be impeded during ICD induction by danger signalling in order to instigate potent anti-tumour immunity. Production of indoleamine 2,3-dioxygenase (IDO) enzyme (by immune cells or cancer cells) is an important immunosuppressive factor during tumourigenesis. 30, 73 IDO causes degradation of tryptophan, thereby suppressing proliferation and differentiation of effector T cells and provoking enhanced suppressor activity of Treg cells. 73, 74 Decrease in tryptophan concentrations o0.5-1 mM, in vitro, has been observed to inhibit T-cell proliferation, 74 but such thresholds have not been established in vivo. Culture medium in vitro has supra-physiological concentrations of amino acids (200-to 500-fold higher than those present in normal human or mouse plasma), 72 which are constant and only change due to in vitro degradation or manual replenishment of new nutrients. This does not represent the in vivo scenario, where concentrations of amino acids show dynamic and oscillatory changes due to constant lymph or interstitial fluid circulation or pressure. 72 This scenario can also affect the experimental interpretation; as demonstrated by IFN-g-induced IDO expression leading to strong tryptophan degradation in cell culture medium, resulting in a cell proliferation arrest that was reversed by replenishing the media with tryptophan. 74 Interestingly, the bovine calf's or foetal bovine serum (FBS) used in culture medium also pose problems. FBS (even when diluted to 10% of its original concentration) can have considerable amounts of placental hormones (like prolactin, oestrogen, progesterone) which not only create an in vitro environment of pregnancy but can also compromise/create background aberrations in ex vivo anti-tumour immunity experiments 72, 75 ( Figure 3 ). This is because such hormones increase IL-10 or IL-4 production, which can destabilize or interfere with IFN-g levels, inhibit IL-1b levels, decrease T-cell proliferation and either promote overall Th2 polarization or create background aberrations in Th1/Th2 polarization levels. 76 Curiously, even phenol red exhibits significant estrogenic activity at typical concentrations found in culture medium. 72, 77 In conclusion, it is clear that the plasticity of the parameters in an experimental set-up, in vitro, can have a profound influence on the experimental outcome. All of this can affect the way we perceive and interpret the pre-clinical effects of ICD and anti-tumour immunity. This is especially relevant because most ICD parameters are tested in vitro, 2, 7, 24 and at least in the case of PDT, it has been reported that the DAMP emission spectra can change for the same cancer cell line depending on whether it was treated in vivo or in vitro. 30 Hence, in future, efforts should be made to bring experimental systems as close as possible to in vivo realities.
Future Perspectives on Plasticity and Regulation of Danger Signalling
Effect of tumour cell-extrinsic factors. There are a number of tumour cell-extrinsic factors that influence the outcome of danger signalling. These variables affect the outcome of ICD in terms of inducing either a beneficial antitumour response or a negative, tumour-promoting activity. For instance, recognition of ICD-associated signals can be affected by the type of the polymorphic variants of genes encoding danger-sensing receptors. Several allelic variants of genes encoding danger receptors or molecules associated with signalling pathways from these receptors have been described. [78] [79] [80] Although complete deficiency of these molecules strongly compromises immune response, these are generally rare events. By contrast, genes for TLRs are highly polymorphic and encode many variants with either higher or lower activity in terms of ligand binding or signal transduction. 81 Clinical response to radiotherapy or chemotherapy with anthracyclines or oxaliplatin was poorer in patients with loss-of-function alleles of TLR4 and P 2 R 7 receptors for HMGB1 and ATP, respectively. 16, 82, 83 It remains to be investigated whether functional consequences of these polymorphisms are of significance in determining therapeutic outcomes of ICD-inducing therapies.
Recognition of ICD-associated signals can also be influenced by various types of post-translational modification or association of DAMPs with other molecules that modulate binding to receptors. For example, HMGB1 can stimulate various inflammatory responses through multiple signalling pathways depending on its redox status 1 or its association with CXCL12 chemokine can help it function as a 'find-me' signal to recruit myeloid cells through CXCR4. 84 Another emerging regulatory mechanism involved in shaping responses to danger signals is associated with specific microRNA expression. A recent study revealed that exposure of leukocytes to DAMPs induces expression of miR-34c and miR-214 and downregulates miR-34a. 85 miR-34c is involved in silencing IKKg, an essential signalling molecule within NF-kB pathway, indicating that fine tuning of inflammatory pathways is extremely complex.
Degradation or turnover of danger signals. Factors that can affect danger signals' capability to trigger anti-tumour immunity are the rate and extent of their degradation or turnover. For instance, the detection of extracellularly secreted or released ATP is modulated by extracellular or surface-associated ectonucleotidases that catalyse its degradation. Although ADP retains some of the immunostimulatory activities, adenosine is potently immunosuppressive. 86 Therefore, the rate of ATP release from tumour cells as well as the activity of metabolic pathways involved in ATP degradation might determine the final outcome. Overexpression of CD39-an ATP-degrading enzyme-abolishes the immunogenicity of dying tumour cells rendering cancers resistant to chemotherapy. 87 Anakinra, an IL-1 receptor antagonist has been shown to mitigate the anti-tumour efficacy of anthracyclines. 44, 67, 82 Modulation of inflammasome activity can also affect HMGB1 signalling. Inflammasomes have been shown to participate in HMGB1 release, 88 which can induce the expression of pro-IL-1b and other proinflammatory mediators. 89 Danger signals: their 'alter egos' and unexpected complexity. It is frequently overlooked that tumour-associated danger signals might also contribute in a negative way to immunoregulation, by suppressing anti-tumour immunity rather than promoting it or providing pro-survival signals for tumour cells. Accordingly, HMGB1 can bind to TIM3 receptors on DCs to suppress development of anti-tumour immunity. 46 Similarly, in a transgenic mouse model of prostate cancer, the release of HMGB1 was associated with priming of adaptive immunoregulatory response that facilitated malignant progression. 90 Gemcitabine and 5-fluorouracil were shown to activate the proapoptotic protein BAX in myeloid-derived suppressor cells (MDSC), inducing lysosomal destabilization and release of cathepsin B. 91 The latter triggers NLRP3 inflammasomes resulting in the secretion of proinflammatory cytokines (including IL-1b) that may curtail anti-tumour immunity by promoting IL-17 secretion from CD4 þ T cells. 91 Many chemotherapeutics although capable of promoting ICD exert at the same time potent immunosuppressive effects due to their cytotoxicity towards immune cells.
Another level of complexity in danger signalling is exosomebased communication. Exosomes are 30-100 nm vesicles 92 released into the extracellular environment by cancer cells. 93 Although exosomes express proteins in a cell-type dependent manner, numerous proteins frequently arise, such as MHC class I/II molecules, adhesion molecules, chaperones, cytoskeletal, ESCRT proteins, as well as transport and fusion proteins. 94 Tumour-derived exosomes (TDEs) have been shown to elicit immunogenicity, vascular homeostasis and antigen presentation, as well as tumour growth, migration, survival, degradation of danger signals and immunoevasion. [95] [96] [97] [98] Therefore, exosomal content may influence tumour outcome. TDEs have been shown to contain FASL or TRAIL, which can bind and activate T-cell killing. 99 Furthermore, exosomal expression of TGFb1 can interfere with NK and CD8 þ T-cell activation by downregulating the NKG2D receptor, 100 as well as inducing MDSCs. 101 Exosomal CD39 and CD73 enhance extracellular adenosine concentration by degrading ATP and negatively modulating T-cell activity 102, 103 (discussed previously). Moreover, TRYP2 and MET expression within TDEs have been implicated in the formation of a pre-metastatic niche, promoting the survival and outgrowth of disseminated tumour cells. 104, 105 Conversely, exosomal expression and localization of danger signals (HSP70/72/90) may directly affect tumour outcome [106] [107] [108] by activating an NK specific anti-tumour response. 106 Moreover, cellular stresses that promote ecto-HSP70 induction and ultimately its derived exosomes, enhance the immunogenic response, due to greater activation of NK cell's cytolytic capacity. 109 HSPs chaperone antigens and peptides into TDE membranes, which can enhance CTL anti-tumour response, significantly delaying tumour growth. 110 TDE expression of TNF can not only stimulate HMGB1 release from immune cells, inducing IFNg secretion but can also decrease T-cell activation-induced death, generating T cells resistant to apoptosis. 111 Therefore, understanding the dynamics of exosomal signalling and its role in general danger signalling in a cancer type and in a chemo/radio-therapeutic set-up may enable us to design therapeutic strategies based around modulating the TDE mechanics, kinetics and content.
Conclusion
Danger signalling has emerged recently as a promising mechanism to instigate within the dying or stressed cancer cells the emission of DAMPs, which allows the host immune cells to perceive these cells as 'dangerous' and 'non-self'. Evidence accumulated over the past decade shows that this strategy works-as substantiated by the ability of DAMPemitting ICD sub-routine to incite potent anti-tumour immunity. Emission of DAMPs from tumour cells might not be sufficient to elicit a productive immune response; of equal significance is the ability of immune cells to detect, transmit and to respond to these signals. In other words, the seeds (from tumour cells) must fall on the fertile ground (responsive immune cells) to give life (effective anti-tumour immunity). However, the danger signalling patterns behind DAMP trafficking and their immune sensing systems seem to be very plastic in nature and regulated in a highly multi-factorial manner. This means that every ICD or danger signalling inducer, animal model and experimental condition have to be treated in a context-dependent fashion when it comes to translation into the clinic. Considering that most parameters for characterization of ICD are in vitro or ex vivo in nature; it is crucial in the coming years to characterize at least surrogate in vivo markers that can be detected robustly in preclinical/ clinical set-ups. Moreover, cancer cell intrinsic processes like oncogene-driven metabolic reprogramming, perturbations in mitochondrial homeostasis, autophagy, viral response-like gene signature and their link with danger signalling needs to be completely unravelled.
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